Epigenetic modifications, and methylation of histones in particular, dynamically change during spermatogenesis. Among various methylations of histone H3, methylation of histone H3 lysine 9 (H3K9) and its regulation are essential for spermatogenesis. Trimethytransferases as well as dimethyltransferase are required for meiotic progression. In addition, didemethylase of H3K9 is also critical for spermatogenesis through transcriptional regulation of spermatid-specific genes. However, the requirement for demethylation of trimethylated H3K9 (H3K9me3) during spermatogenesis remains to be elucidated. Here, we report the targeted disruption of KDM4D, a testis-enriched tridemethylase of H3K9. Kdm4d-null mice are viable and fertile and do not show any obvious phenotype. However, H3K9me3 accumulates significantly in Kdm4d-null round spermatids, and the distribution of methylated H3K9 in germ cells is dramatically changed. Nevertheless, the progression of spermatogenesis and the number of spermatozoa are normal, likely secondary to the earlier nuclear localization of another H3K9 tridemethylase, KDM4B, in Kdm4d-null elongating spermatids. These results suggest that demethylation of H3K9me3 in round spermatids is dispensable for spermatogenesis but that possible defects in Kdm4d-null elongating spermatids could be rescued by functional redundancy of the KDM4B demethylase.
INTRODUCTION
Genomic DNA is compacted in the nucleus as chromatin. The basal subunit of chromatin is a nucleosome, which consists of 146 bp of DNA wrapped around the octamer of core histones H2A, H2B, H3, and H4. The N-terminal tail of these four histones can be modified in several ways by phosphorylation, acetylation, methylation, and ubiquitination. Each modification is related to important cellular processes, including transcriptional regulation, heterochromatin formation, DNA recombination, DNA damage response, and Xchromosome inactivation [1] [2] [3] .
Several lysines (K) of histone H3 and H4 (i.e., K4, K9, K27, K36, and K79 of histone H3 and K20 of histone H4) can be methylated in four distinct states-un-, mono-(me1), di-(me2), and trimethylated (me3)-and the methylation status of each lysine has independent functions [1, 4] . For example, methylated H3K4 and H3K36 are required for transcriptional activation, whereas methylated H3K9, H3K27, and H4K20 are necessary for transcriptional repression [3, 5] . Among the methylation patterns of histones, the dynamic changes of methylated H3K4 and H3K9 in the testicular germ cells during spermatogenesis have been reported [6] [7] [8] .
A series of enzymes that catalyze the methylation of each lysine residue, histone lysine methyltransferases (KMTs) and histone lysine demethylases (KDMs), have been identified, and each enzyme has substrate specificity [3, 5] . Some of the enzymes that can catalyze methylation of H3K9 have been reported as being essential for spermatogenesis. Male germ cells that lack H3K9 trimethyltransferases (i.e., KMT1A/ SUV39H1 and KMT1B/SUV39H2) show abnormal synapsis and missegregation of chromosomes in pachytene spermatocytes [9, 10] . Similarly, male germ cells lacking the H3K9 dimethyltransferase, KMT1C/G9a, demonstrate defects in meiotic prophase progression [11] . Alternatively, the H3K9 didemethylase, KDM3A/JHDM2A/JMJD1A, is critical for spermatogenesis through transcriptional regulation of Tnp1 and Prm1 expression, although the global distribution of H3K9me1/me2 in the seminiferous tubule was not affected [12] . To our knowledge, however, the role of demethylation of H3K9me3 remains to be elucidated.
In the present report, we show preferential expression of KDM4D (also known as JMJD2D), one of the tridemethylases of H3K9 in the testis. Two different reports have shown demethylase activity of KDM4D. One report showed that KDM4D could demethylate H3K9me1/me2/me3, whereas the other indicated that KDM4D could demethylate H3K9me2/ me3 but not H3K9me1 [13, 14] . Using a mouse knockout model, loss of demethylation by KDM4D does not affect the completion of spermatogenesis or fertility, despite dramatic changes in the distribution of mono-, di-, and trimethylated H3K9 in Kdm4d À/À testis. We hypothesize that the lack of fertility defects in Kdm4d À/À mice is rescued by functional redundancy with another KDM4 protein, KDM4B (also known as JMJD2B).
MATERIALS AND METHODS

Semiquantitative RT-PCR
Total RNA from adult mouse tissue samples was extracted using TRIzol (Invitrogen) according to the manufacturer's instruction and reverse transcribed using Superscript III reverse transcriptase and an oligo-dT primer (Invitrogen). The primers to amplify the Kdm4d cDNA fragment spanning exons 1 and 2 
Histology and In Situ Hybridization
Testes were fixed in Bouin fixative or 4% paraformaldehyde overnight, followed by paraffin embedding. Tissue embedding was performed by the Department of Pathology Histology Core, Baylor College of Medicine. Sections (thickness, 5 lm) were stained with periodic acid-Schiff reagent and counterstained with hematoxylin. In situ hybridization was performed on a section of paraformaldehyde-fixed tissues with a 411-bp, digoxigenin-labeled cRNA probe specific for Kdm4d. Sections (thickness, 5 lm) were treated with 2 lg/ml of proteinase K for 10 min and acetylated with acetylation buffer (100 mM triethanolamine and 0.25% acetic acid) for 20 min. After prehybridization with hybridization buffer (50% formamide, 43 SSC [13 SSC: 0.15 M sodium chloride and 0.015 M sodium citrate], 500 lg/ml of heparin, and 200 lg/ml of tRNA) for 60 min at 658C, sections were hybridized with 300 ng/ml of probe containing hybridization buffer overnight at 658C. The hybridized probe was detected by alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche) using an alkaline phosphatase substrate kit (Vector Laboratories) according to the manufacturer's instructions.
Cell Culture, Plasmid Constructions, and Transfection HeLa cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum at 378C in 5% CO 2 in air. The open reading frame (ORF) of KDM4D was subcloned into pcDNA3.1 with mCherry fluorescent protein in frame to make an mCherry-KDM4D fusion protein. Expression vectors pcDNA3.1-mCherry/Kdm4d and pcDNA3.1-mCherry were transfected into HeLa cells using fugene 6 reagent (Roche) according to the manufacturer's instructions. At 72 h after transfection, cells were subjected to histone extraction, followed by immunoblot analysis. For immunofluorescence, cells were replated at low density 24 h after transfection and analyzed 48 h after replating.
Histone Extraction and Immunoblot
The nuclear fraction was collected after cell lysis in the following buffer: 100 mM Tris/HCl [pH 7.5], 1.5 M NaCl, 1.5 mM MgCl 2 , 0.65% NP-40, and protease inhibitor cocktail. Histones were extracted from the nuclear fraction by treatment with 0.2 M H 2 SO 4 , followed by trichloro-acetic acid agglutination and immunoblot analysis. Individual membranes were used to detect the methylation status of histone H3. Antibodies used for immunoblotting were as follows: anti-H3K4me3, anti-H3K9me1, anti-H3K9me2, anti-H3K9me3, and anti-H3K36me3 (all from Abcam) as well as anti-pan-histone H3 and antiacetylated histone H3 (both from Millipore).
Immunofluorescence
Cells were fixed with 2% parafomaldehyde for 10 min and permeabilized with 0.5% NP-40 for 15 min. After incubation with primary antibodies for 2 h at room temperature, the methylation status of histone H3 was visualized by Alexa 488-conjugated anti-mouse immunoglobulin (Ig) G or anti-rabbit IgG antibodies (Invitrogen). For immunofluorescence of tissue sections, paraformaldehyde-fixed sections were retrieved by microwave (1250 W for 15 min in 0.1 M sodium citrate buffer [pH 6.0]), then incubated with primary antibody overnight at 48C, followed by Alexa 488-and Alexa 594-conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. Fluorescent sections were mounted with VECTASHIELD containing 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; Vector Laboratories). Fluorescence intensity of methylated H3K9 in representative cells was quantified using Image J software (National Institutes of Health). Primary antibodies other than those described above were as follows: anti-H3K4me1, anti-H3K4me2, anti-H3K9me2, anti-H3K27me2, and anti-H3K27me3 (all from Millipore) as well as anti-H2AFX (Abcam).
Generation of Kdm4d Knockout Mice
A targeting construct was generated using a recombineering strategy [15, 16] . Briefly, 9.8 kb of the genomic region containing exon 2 of Kdm4d was retrieved from BAC bMQ 176I19 (Welcome Trust Sanger Institute) [17] and inserted into pBluescript SK containing diphtheria toxin A for negative selection (pDTA.3 kindly provided by Dr. Pumin Zhang, Baylor College of Medicine, Houston, TX). The ORF of Kdm4d was replaced by a PGK1-Neo cassette. The linearized targeting construct was electroporated into AB2.1 embryonic stem cells, which are derived from 129S7/SvEv strain mice. Embryonic stem cell clones were selected in M15 supplemented with 0.18 mg/ ml of G418. Targeted clones were screened by Southern blot analysis using 5 0 and 3 0 probes. Two of the correctly targeted clones were expanded and injected into C57BL/6J blastocysts. Chimeric males were bred to C57BL/6J females to obtain heterozygous Kdm4d mutant mice (Kdm4d
) were produced by intercrossing male and female Kdm4d þ/À mice. Mice were genotyped by Southern blot analysis using the probe indicated in Figure 3A or PCR analysis using the following primers: wild-type/knockout forward, CTGGCTCTGGGTTAGTCAGC; wild-type reverse, CCAGGT GACCCACATTCCAC; knockout reverse, CCACTCCCACTGTCCTTTCC.
Fertility Analysis and Sperm Counts
Six-week-old Kdm4d À/À and Kdm4d þ/À male littermates were individually bred to wild-type or Kdm4d þ/À females. The number of litters and pups born per litter were monitored over a 9-mo period. All mouse experiments were performed on a C57BL/6J:129S7/SvEvBrd hybrid background in accordance with protocols approved by the Institutional Care and Use Committee of Baylor College of Medicine. Total epididymal sperm counts were performed as previously described [18] .
Chromosomal Analysis
Chromosome spread analysis was performed as previously described [19] . The following primary antibodies were used for this experiment: anti-SCP3 (Santa Cruz Biotechnology), anti-H3K9me2 (Millipore), and anti-H3K9me3 (Abcam). Alexa 594-conjugated anti-mouse IgG and Alexa 488-conjugated anti-rabbit IgG (both from Invitrogen) and VECTASHIELD containing DAPI were also used.
Statistical Analysis
Data are presented as the mean 6 SEM. Statistical significance was determined by Student t-test, and P , 0.05 was considered to be statistically significant. 
RESULTS
To identify the H3K9me3 demethylase that could be essential for spermatogenesis, expression of Kdm4 genes were examined by analysis of the Expressed Sequence Tags (EST) database at the National Center for Biotechnology Information (NCBI) and the GNF (Genomics Institute of Novartis Research Foundation) BioGPS database [20] , and in the process, Kdm4d was found as a testis-specific gene. To confirm the expression of Kdm4d, RT-PCR using RNA from multiple adult mouse tissues was performed. Kdm4d transcripts were detected at high levels in testis, as expected, but also at low levels in brain, heart, and kidney (Fig. 1A) . The expression of Kdm4d in testis started at Postnatal Day 14 and increased with age (Fig. 1B) .
To define the precise expression of Kdm4d, in situ hybridization was performed and demonstrated that Kdm4d was expressed in spermatocytes and spermatids but not in spermatogonia and Sertoli cells (Fig. 1C) . Lack of expression of Kdm4d in spermatogonia is consistent with lack of expression of Kdm4d in germline stem cells (Fig. 1A) .
To evaluate the function of KDM4D and whether it can demethylate mono-, di-, and trimethylated H3K9, KDM4D was expressed in HeLa cells, and the methylation status of histone H3 was examined. H3K9me2 and H3K9me3 were decreased with KDM4D expression, whereas H3K9me1 was increased in KDM4D-expressing cells ( Fig. 2A) . Similar results were obtained by immunostaining experiments, which showed overexpression of an mCherry-KDM4D fusion protein (Fig.  2, B and C) . Di-and trimethylated H3K9 disappeared from KDM4D-positive cells, whereas H3K9me1 were increased by KDM4D DEMETHYLATES H3K9 DURING SPERMATOGENESIS KDM4D expression (Fig. 2C) . Other methylation statuses of histone H3 did not change between KDM4D-negative and -positive cells except for H3K36me3 (Fig. 2) . In cells with the highest expression of KDM4D, H3K9me1 was also demethylated (data not shown), but this finding was rare in our experiments. These results suggest that KDM4D can demethylate H3K9me2 and H3K9me3 into H3K9me1 without significant effects on most of the other histone H3 methylation patterns.
To address the in vivo functions of KDM4D, Kdm4d knockout mice were generated. We designed a targeting vector to delete the entire ORF of Kdm4d (Fig. 3A) , because the entire ORF of Kdm4d is encoded by exon 2. A targeted allele of Kdm4d was generated in embryonic stem cells by homologous recombination. Successful recombination was verified by Southern blot analysis using both 5 0 and 3 0 external probes (Fig. 3, B and C) . Male and female offspring from heterozygous intercrosses (n ¼ 10) were born in an approxi- To confirm that our targeting strategy generated a null allele, RT-PCR using primer pairs between exons 1 and 2 and within the ORF of Kdm4d were performed (Fig. 3D) . The 5 0 untranslated region of Kdm4d was transcribed in Kdm4d
testis, but consistent with deletion, the ORF of Kdm4d was not detected in Kdm4d À/À testis, indicating that the Kdm4d mutant allele is a null allele.
To examine whether loss of KDM4D affected global H3K9 methylation during spermatogenesis, male germ cells were separated into pachytene spermatocytes, round spermatids, and elongated spermatids by an elutriation method [21, 22] . H3K9me3 was dramatically increased in Kdm4d À/À round spermatid, whereas H3K9me1 was decreased and H3K9me2 did not change in round spermatids (Fig. 4, A and B) . Although H3K9me3 was not detected in Kdm4d þ/À and Kdm4d À/À elongated spermatids, H3K9me2 and H3K9me1 were slightly elevated in Kdm4d À/À elongated spermatids (Fig. 4A) . Methylation of other lysines of histone H3 was not changed in the absence of KDM4D (Fig. 4, A and B , and data not shown).
To further examine the distribution of methylated H3K9 in Kdm4d À/À testes, immunofluorescence staining was performed. The results showed dramatic alterations of global methylation of H3K9 in Kdm4d À/À testis. H3K9me3, which is a major target of KDM4D, forms foci at the center of each nucleus of round spermatids, whereas the H3K9me3 foci in Kdm4d À/À round spermatids were more intense at 2.07-fold ( Fig. 4C and Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). Immunoreactivities of H3K9me1 in round spermatids were decreased in Kdm4d À/À testis at 0.67-fold ( Fig. 4C and Supplemental Fig. S1 ). On the other hand, H3K9me2 foci in round spermatids disappeared in Kdm4d À/À testes at both 3 and 10 wk of age ( Fig. 4C and Supplemental Fig. S1 ). Distribution of H3K36me3 in Kdm4d À/À testis was also examined, because H3K36me3 was slightly affected by KDM4D expression (Fig. 2) . No   FIG. 3 . Generation of Kdm4d-null mice. A) Strategy of targeting of the Kdm4d gene. The ORF of Kdm4d was replaced with a PGK1-Neo cassette. B and C) Southern blot analyses using 5 0 (B) and 3 0 (C) external probes. EcoRI-digested (B) and SphI-digested (C) tail DNA were hybridized with probes that detect a 13.3-kb wild-type (WT) and 9.2-kb null alleles at the 5 0 end (B) or an 11.7-kb WT and a 7.4-kb null alleles at the 3 0 end (C). D) Confirmation of the Kdm4d-null allele. RT-PCR using primers spanning exon 1 and the 5 0 untranslated region of exon 2 and primers within the ORF of Kdm4d are shown. DTA, diphtheria toxin fragment A; KO, knockout (homozygote); þ/-, heterozygote. KDM4D DEMETHYLATES H3K9 DURING SPERMATOGENESIS differences between Kdm4d þ/À and Kdm4d À/À testes were detectable (Supplemental Fig. S2) .
To assess the roles of KDM4D in male fertility, Kdm4d
and Kdm4d À/À males were mated with wild-type or Kdm4d þ/À females on a mixed genetic background (B6; 129S7) beginning at 6 wk of age. Over the course of 9 mo of breeding, no significant differences were found in number of pups, litters per month, and pups per litter between Kdm4d þ/À and Kdm4d À/À males (Fig. 5 , A-C, and Table 1 ). In addition, the sperm count of each genotype was normal, suggesting that lack of KDM4D did not affect male fertility and completion of spermatogenesis (Fig. 5D ). Although Kdm4d À/À testes were as big as Kdm4d þ/À testis at 6 wk of age, the Kdm4d À/À testes were bigger than the Kdm4d þ/À testes at 12 wk (Fig. 6, A and B ). These differences in testis size were only transient, because the sizes of Kdm4d þ/À and Kdm4d À/À testes were not statistically different at 1 yr (Fig. 6, C and D) . These mice exhibited normal testis histology with a full complement of spermatogenic cells in the seminiferous epithelium, but a few exceptions were noted. First, occasional apoptotic cells were found in the Kdm4d À/À tubules (Fig. 6, I and J). These apoptotic cells were detected in testes older than 10 wk, but their frequency was very low. Second, the tubule diameter was wider in Kdm4d À/À testes than in Kdm4d þ/À testes at 3 wk, although no significant differences were found in tubule diameter in older mice (Fig. 6 , E-J, and data not shown).
To determine the effect of KDM4D ablation on spermatocytes, H3K9me2/3 in Kdm4d þ/À and Kdm4d À/À testicular cells were examined, because Kdm4d transcripts were expressed not only in spermatids but also in spermatocytes (Fig. 1C) . No significant differences were found in level and distribution of H3K9me2 and H3K9me3 in zygotene and pachytene spermatocytes, indicating that lack of KDM4D did not affect meiotic progression in spermatocytes (Fig. 7) .
During spermiogenesis, histone H4 can be hyperacetylated immediately before histone replacement to protamine, and its hyperacetylation is important for histone replacement [23] . Some reports have been published about correlations between methylated H3K9 and histone acetylation [24] [25] [26] [27] . Thus, a histone acetylase, CDYL (chromodomain on Y chromosome like), and acetylated histone H3 and H4 were stained in Kdm4d þ/À and Kdm4d À/À testis. CDYL was localized in germ cells in the center of the seminiferous tubule and was detected with higher expression in elongating spermatids. Acetylated histone H3 was localized to round spermatids and elongating spermatids, and strong immunoreactivity of acetylated H4 was detected in elongating spermatids. However, no significant changes were found in expression and distribution of CDYL, acetylated histone H3, and acetylated histone H4 (Supplemental Fig. S3 ), suggesting that acetylation of histones was not affected by lack of KDM4D-dependent demethylation of H3K9me3.
Because the jmjC domain of KDM4D shares more than 84% of identity with the jmjC domain of other KDM4 proteins [13, 14] , other KDM4 proteins might have a redundant role with KDM4D in spermatogenesis. To evaluate this possibility, other KDM4 proteins were analyzed. We found that KDM4B was expressed during spermatogenesis, particularly in elongated spermatids (Fig. 8) . Although expression of KDM4B was not changed between Kdm4d þ/À mice and Kdm4d À/À mice at 10 wk of age, a difference was observed in testis at 25 days, when spermatids start to elongate. Whereas KDM4B was localized in the cytoplasm of elongating spermatids in 25-dayold testes of Kdm4d þ/À mice, nuclear localization of KDM4B was detected in elongating spermatids of Kdm4d À/À mice (Fig.  8) . These findings suggest that nuclear import of KDM4B could be promoted by loss of KDM4D to rescue a critical problem at the final step of spermatogenesis in Kdm4d À/À mice.
DISCUSSION
In the present report, we show, to our knowledge for the first time, the expression of KDM4D in multiple tissues. Although KDM4D expression is specific for testis in both the NCBI EST and BioGPS databases [20] , KDM4D transcripts were detected not only in testis but also weakly in brain, lung, and kidney. However, the expression of KDM4D in tissues other than testis was very low. Because Kdm4d knockout mice are viable and no significant abnormalities are found in other tissues, KDM4D is not required extragonadally. However, it is still possible that KDM4D is redundant with other H3K9 tridemethylases [13, 14, [28] [29] [30] . To clarify the functions of KDM4D in those tissues, not only KDM4D but also other KDM4 family proteins need to be investigated.
Some, but not all, of the Kdm4d À/À testes were bigger than Kdm4d þ/À testes during limited periods. This might be correlated with the differences in the diameter of tubules at 3 testes. However, those differences appeared not to be essential for spermatogenesis, and no data explained these differences. We have shown that KDM4D is involved in trimethylation/ didemethylation of H3K9, consistent with previous experiments [13, 14] . However, the total amounts of H3K9me2 in testis were not changed by the Kdm4d deletion, although H3K9me3 was significantly increased in Kdm4d-null round spermatids. H3K9me2 in round spermatids was not high and was localized in the center of nuclei of wild-type round spermatids according to our results. However, nuclear foci of H3K9me2 disappeared in Kdm4d À/À round spermatids, even if H3K9me2 was detected in Kdm4d À/À round spermatids by immunoblot, suggesting that H3K9me2 could be broadly distributed in the nucleus at undetectable levels by immunostaining. In the first report of KDM3A mutant mice, although total amounts and distribution of H3K9me2 in testis were not significantly changed, H3K9me2 accumulated at specific sites, such as the promoter regions of Prm1 and Tnp1 [12] . The 
KDM4D DEMETHYLATES H3K9 DURING SPERMATOGENESIS
second report of Kdm3a knockout mice showed an increase and change of distribution of H3K9me2 and H3K9me1 in testis [6] . Demethylation of H3K9me2, therefore, could be catalyzed by KDM3A/JHDM2A/JMJD1A expressed in round spermatids, and other didemethylases of H3K9 may participate in this process. KDM4D might regulate H3K9me2 at a specific region. However, our results indicate that foci of H3K9me2 in round spermatids disappeared in Kdm4d À/À round spermatids, testis. Global gene expression profiles as well as analysis of KDM4D-and methylated H3K9-occupied loci in testis and/or in each specific germ cell type could help to define the roles of methylated H3K9 during not only normal spermatogenesis but also in the absence of KDM4D.
A relationship between H3K9me3 and acetylation of histone H4 during spermatogenesis has been suggested. H3K9me3 can be recognized by the chromodomain of HP1, and its binding is important for heterochromatin formation [31, 32] . Histone acetyltransferase, CDYL, has a chromodomain that is implicated in H3K9me3 binding and can acetylate histone H4 [24] [25] [26] [27] . Histone H4 is hyperacetylated just before histone replacement to protamine [23, 33, 34] . CDYL could regulate acetylation of H4 in elongating spermatids according to the expression pattern of CDYL, although no direct evidence shows that CDYL could be responsible for hyperacetylation of histone H4 [24] . In Kdm4d À/À testis, localization of CDYL, acetylated histone H3, and acetylated histone H4 are normal, suggesting that hyperacetylation of histone H4 before histone replacement is not affected by lack of KDM4D.
Lastly, our results suggest that KDM4B could have redundant roles with KDM4D in Kdm4d À/À testis. Both KDM4D and KDM4B have a jmjC domain, which is responsible for demethylation activity [14, 28] . KDM4D has jmjN and jmjC domains, whereas KDM4B has not only jmjN and jmjC domains but also two Plant Homeo and two TUDOR domains. Plant Homeo and TUDOR domains may be important for binding to other proteins as well as for recognition of specific loci in the genome [14, 30] . Although KDM4D can demethylate not only H3K9me3 but also H3K9me2, KDM4B can demethylate H3K9me3 but not H3K9me2 [14, 30] . Furthermore, H3K9me3 demethylation activity of KDM4D was much stronger than that of KDM4B [14] . In our results, H3K9me2 is still detectable in Kdm4d À/À elongated spermatids, but H3K9me3 is not, suggesting that H3K9me3 in Kdm4d À/À elongated spermatids could be demethylated by KDM4B. Additionally, H3K9me2 remains in Kdm4d À/À elongated spermatids, because KDM4B could not catalyze H3K9me2. Alternatively, histones that have H3K9me2 could be removed earlier from chromatin in Kdm4d þ/À elongated spermatids than in Kdm4d À/À elongated spermatids, because histone removal is already beginning at the elongating spermatid stage. Double knockout of KDM4D and KDM4B would be helpful to further define the roles of H3K9me3 demethylation during spermatogenesis as well as spermiogenesis.
